The constituent peptides of proglucagon contain ␣-helices that may target proglucagon to secretory granules. Results: Sorting of proglucagon processing intermediates is context-dependent, despite containing two sorted domains of glucagon and glucagon-like peptide 1. Conclusion: Proglucagon sorting is directed by two dipolar ␣-helices within glucagon and GLP-1. Significance: Hormone domains, rather than disordered prodomains, encode proglucagon sorting signals.
GLP-2. Glucagon is the main glucose counter-regulatory hormone, principally stimulating hepatic gluconeogenesis and glycogenolysis to maintain euglycemia (1) . Conversely, GLP-1 and GLP-2 are secreted from intestinal L cells in response to nutrient ingestion; GLP-1 stimulates insulin secretion in a glucosedependent manner, and GLP-2 increases intestinal blood flow and nutrient absorption (2) . Oxyntomodulin, which contains the sequence of glucagon plus a 6-amino acid C-terminal extension ( Fig. 1) , is also postprandially secreted from L cells and acts as a potent appetite suppressant (3) . Therefore, all three hormones exert distinct metabolic actions to maintain nutrient homeostasis.
The post-translational processing of proglucagon by prohormone convertases follows a strict temporal sequence, in which an initial cleavage at K70R71 yields two fragments, glicentin and major proglucagon fragment (MPGF), 2 in both ␣ cells and L cells ( Fig. 1) (4, 5) . Pancreatic ␣ cells produce glucagon through cleavage of glicentin by PC2 (4, 6) , and PC1/3-mediated processing yields glicentin, oxyntomodulin, GLP-1, and GLP-2 within L cells and neurons (7) (8) (9) . There is evidence that proglucagon processing in ␣ cells is altered under conditions of ␤ cell injury such that bioactive GLP-1 is produced (10) . Each of these peptide hormones must be stored in dense-core secretory granules, a compartment unique to endocrine and neuroendocrine cells, for nutrient-regulated secretion. It is well documented by pulse-chase and immunoelectron microscopy studies that the final stages of processing occur in the secretory granules (5, 11, 12) , and therefore, the sorting of proglucagon to secretory granules is essential for the production of its bioactive peptide hormones. However, it is not known if the initial cleavage of proglucagon to glicentin and MPGF occurs before or after sorting to granules. One component of a sorting mechanism that appears to be common to a number of prohormones is a sorting signal that is contained within the prohormone * This work was supported by a Discovery Grant from the Natural Sciences sequence. If the initial processing of proglucagon precedes sorting to granules, then a sorting signal must be present in each of glicentin and MPGF, leading to the intriguing possibility that proglucagon contains at least two sorting signals that are spatially segregated. Several types of prohormone sorting signals have been described that mediate specific interactions with membranebound sorting receptors or co-target with processing enzymes. Proinsulin (13, 14) undergoes aggregation mediated by hydrophobic residues. A disulfide-bonded loop exposes two acidic amino acid residues comprising a sorting signal within proopiomelanocortin (15, 16) , proinsulin (14) , proenkephalin (17) , and pro-brain-derived neurotrophic factor (18) and interacts with the sorting receptor carboxypeptidase E (CPE). Paired basic amino acids that are cleavage sites for prohormone convertases serve as sorting signals in pro-neuropeptide Y (19) , pro-renin (20) , progastrin (21) , pro-neurotensin (22) and pro-VGF (nonacronymic) (23) , suggesting that these prohormones are co-targeted with their processing enzymes. Finally, amphipathic ␣-helix regions/domains are required for the sorting of pro-somatostatin (24) and pro-cocaine and amphetamine-regulated transcript (pro-CART) (25) . Any or all of these sorting signals may exist within a single prohormone and may synergize to increase sorting efficiency (23, 26, 27) .
Of these various known sorting signals, proglucagon contains two predicted types, significant ␣-helical content within glucagon, GLP-1 and GLP-2, as documented by their known crystal or NMR structures (28 -30) and a dibasic amino acid sequence within the ␣-helix of glucagon ( 17 RR 18 ; proglucagon (49 -50) ). Interestingly, unlike other prohormones, the ␣-helices lie within ordered hormone-encoding regions and not in a prodomain (31) . Additionally, these hormone domains are evolutionarily conserved, particularly regarding their biophysical characteristics (32) . We have previously identified 17 RR 18 and the ␣-helix within glucagon as putative sorting signals, and our results also suggest that processing of proglucagon to glicentin and MPGF precedes sorting (33) . Therefore, in this study, we investigated the possibility that proglucagon contains multiple sorting signals in the different hormone domains. To this end, we have extensively characterized the role of each predicted ␣-helix within proglucagon in sorting to the regulated secretory pathway in the well characterized neuroendocrine PC12 cell line. Our study reveals that two nonamphipathic ␣-helix domains within the sequences of glucagon and GLP-1 are necessary and sufficient to target proglucagon to granules. We also combine these results to a model of proglucagon processing and sorting in ␣ and L cells.
EXPERIMENTAL PROCEDURES
Plasmid Construction and Reagents-Fusion proteins were constructed using proglucagon-derived peptide sequences attached to the 3Ј end of the cDNA encoding the CH2/CH3 domains of mouse IgG-2b (termed Fc), preceded by the prorenin signal peptide (a kind gift from Dr. T. Reudelhuber, Montreal, Quebec, Canada) ( Fig. 2) , as described previously (24) . Proglucagon-derived DNA sequences were amplified from Syrian hamster pre-proglucagon cDNA (a kind gift from Dr. D. Steiner, Chicago; GenBank TM accession J00059.1). All primers were purchased from Sigma, and the specific primers used in this study for PCR amplification or site-directed mutagenesis can be found in Table 1 . All fusion constructs were constructed in pcDNA3.1 (Invitrogen).
The cDNA sequence of Fc was selectively amplified using the Fc primers (Table 1 ) and ligated to the pcDNA3.1 backbone, between HindIII and BamHI restriction sites. To construct an Fc expression plasmid, an in-frame stop codon was mutated between the coding region and the HindIII restriction site, using the Fc stop primers (Table 1) . Mutagenesis reactions were performed using the QuikChange II site-directed mutagenesis kit (Agilent Technologies, Mississauga, Ontario, Canada) according to the manufacturer's protocol.
The Fc-wild-type glucagon fusion construct was generated ("Fc-WT glucagon"; Fig. 2 ), in which glucagon cDNA was amplified using specific primers for glucagon (Table 1) , ligated between the EcoRI and NotI restriction sites, and joined by a 10-amino acid linker (Table 1) . To determine possible sorting signals, the sequence of glucagon was mutated in two ways (Fig. 2) as follows: two leucines, Leu-14 and Leu-26, which are postulated to stabilize the ␣-helix, were mutated to L14P,L26P ("Fc-LP glucagon") by specific amplification and mutation using the respective L14P and L26P glucagon primers (Table 1) ; and the dibasic sequence R18R19 was changed to R18R19Q ("Fc-RQ glucagon") using the R18Q mutagenesis primers ( Table 1) .
Subsequent proglucagon-derived peptide constructs used a similar Fc expression system, in which Fc was ligated into the NheI and HindIII restriction sites. Expression constructs were generated for the following peptides, GLP-1(1-37), GLP-1(7-37), GLP-2, oxyntomodulin, glicentin, and MPGF (referred to as Fc-GLP-1(1-37), Fc-GLP-1(7-37), Fc-GLP-2, Fc-OXM, Fcglicentin and Fc-MPGF, respectively; Figs. 1 and 2), and ligated into the BamHI and EcoRI restriction sites. An internal EcoRI cut site was silently mutated using the GLP-1 E27 primers (Table 1) . From Fc-GLP-2, we generated site-directed point mutations, specifically changing five acidic amino acids to either neutral, D3Q, or basic, D8K, E9K, N11K, and D15K (referred to as Fc-dipolar GLP-2; Figs. 1 and 2 and Table 1 ). These mutations were chosen to mimic the dipolar nature of the glucagon ␣-helix, which share less than 40% homology, and also to keep the ␣-helix intact. Finally, each of these constructs was terminated by an in-frame stop codon, introduced either by site-directed mutagenesis or PCR amplification. All results were confirmed by sequencing at the London Regional Genomics Facility, University of Western Ontario.
Cell Culture and Transient Transfections-Wild-type PC12 cells (a kind gift from Dr. W. J. Rushlow, University of Western Ontario, London, Ontario, Canada) were maintained in high glucose (25 mM) DMEM (Invitrogen), supplemented with 15% horse serum (Invitrogen) and 2.5% FBS (Invitrogen). ␣TC1-6 cells (a kind gift from Dr. C. B. Verchere, University of British Columbia, Vancouver, British Columbia, Canada) were cultured as described previously (34) . Cells were transfected using Lipofectamine 2000 (Invitrogen). To prepare cells for microscopy, cells were grown on glass coverslips coated with rat tail type I collagen (100 g/ml; Sigma) at a density of 4⅐10 5 cells/ cm 2 the day prior to transfection. For secretion assays, cells were grown in poly-D-lysine-coated 6-well tissue culture dishes (Corning Glass). Cells were allowed to grow for 48 h following transfection.
Secretion Experiments-On the day of the experiment, media were changed to high glucose DMEM supplemented with 1% dialyzed FBS. After preincubation, cells were incubated for 3 h in the same medium ("3 h basal") followed by 15-min incubations without ("ϪK") and with ("ϩK") 55 mM KCl to stimulate granule exocytosis (35) . Cells were quickly rinsed in Hanks' buffered salt solution between incubations. All media (1 ml per sample) were collected on ice, with fresh protease inhibitor mixture (Roche Applied Science), 2 g/ml aprotinin, 55 mM Tris, 1 mM EDTA, pH 7.4, for immunoprecipitation; cell lysates were collected, and protein concentration was quantified as described previously (34) .
Immunoprecipitation, Western Blot, and Secretion Index-The media and cell lysates were applied to 50 l of protein A-Sepharose (GE Healthcare) and incubated at 4°C overnight with rotation, after which beads were recovered, and protein was eluted by heating to 70°C for 10 min. The immunoprecipitated proteins were separated on 10% NuPAGE pre-cast gels (Invitrogen) or SDS-PAGE and transferred to nitrocellulose membranes. Fc-immunoreactive bands were visualized by incubating membranes with goat anti-mouse IgG HRP-conjugated antibody (1:5000 concentration; Invitrogen) followed by SuperSignal chemiluminescent substrate (Thermo-Fisher Scientific, Toronto, Ontario, Canada). Bands were quantified by densitometry as described previously (26) . Secretion indexes were expressed as a ratio of stimulated to basal secretion, normalized to total protein (22) , and were used for statistical analysis.
Immunocytochemistry-Cells were processed for immunocytochemistry as described previously (26) . Slides were incubated with antibodies against the secretory granule marker, chromogranin A (CgA) (1:100; Abcam, Cambridge, MA), or the synaptic-like microvesicle marker, synaptophysin (1:250; Abcam). AlexaFluor488 IgG (Invitrogen) was used to visualize the reporter, Fc, and AlexaFluor594 IgG for the CgA or synaptophysin antibody. Coverslips were mounted using a ProLong Gold anti-fade mounting medium (Invitrogen).
Image Acquisition and Analysis-Immunofluorescence images were acquired using a Zeiss LSM 510 Duo Vario confocal microscope (Zeiss Canada Inc., Toronto, Ontario, Canada) and a ϫ63 1.4 NA Plan-Apochromat oil differential interference contrast objective lens using the Zen 2009 software (Zeiss Canada Inc.). Three coverslips per transfection were imaged for analysis. Image analysis was conducted using FIJI version 1.46h (36) , a distribution of ImageJ (National Institutes of Health, Bethesda), using the co-localization 2 plug-in within FIJI. Regions of interest were manually drawn around distinct single or multicell bodies, positive for Fc and either chromogranin A or synaptophysin. Co-localization of these pixels from each pseudo-colored image were used to calculate Pearson's correlation coefficient, as described previously (33) . To generate a three-dimensional rendering of the spatial localization of Fc-WT glucagon and Fc-dipolar GLP-2, the Imaris software package (Bitplane AG, Zurich, Switzerland) was used. The three-dimensional voxel information was used to assign 0.25-0.30-m spheres to computed point sources of light in each channel. Only the co-localized spots are shown, as determined by spatial overlap within a maximum distance of 0.30 m. Correlation coefficients from each experiment were treated as one experimental data set (n ϭ 30 -35) .
Secondary Structure Predictions and Biophysical Property Calculations-Secondary structure predictions (see Table 2 ) were carried out with the PSI-PRED algorithm (version 3.1) (37). Percent helical content was calculated as the ratio of total ␣-helical residues to the peptide length. The corresponding pI value was calculated using the ExPASy Bioinformatics Portal (38) , and the mean hydrophobic moment was calculated using the method of Eisenberg et al. (39) . Hydrophobic cluster analysis was carried out by the method of Gaboriaud et al. (40) .
Statistical Analyses-Differences were assessed using a oneway analysis of variance with Tukey's HSD post hoc test. Statistical significance was accepted at the level of p Ͻ 0.05, and the results are expressed as the means Ϯ S.E. Statistical analyses were performed using GraphPad Prism version 5.02 (GraphPad Software Inc, La Jolla, CA). (33) , these cells did not respond to any secretagogue (K ϩ , Ba 2ϩ , dibutyryl cyclic AMP, and isobutylmethylxanthine alone or in combination) in our hands. Because showing regulated secretion of our fusion constructs was a necessary part of our study, we sought another model of a cell type with a regulated secretory pathway. We avoided the use of ␣ or L cell lines so as not to confound our results with endogenous proglucagon and derived peptides due to the multistep nature of proglucagon processing. We chose the PC12 neuroendocrine cell line because of the following: 1) They have a very well characterized regulated secretory pathway. 2) They express CPE, which we have shown to be a sorting receptor for proglucagon in ␣ cells. 3) They lack significant PC1/3 and PC2 activity, thus allowing us to assay individual proglucagon-derived peptides for sorting independently of processing. PC12 cells have been used to characterize the sorting of multiple classes of neuropeptides and hormones that agree with the mechanism in their native tissues, including the following: proinsulin and proenkephalin (41); pro-brain-derived neurotrophic factor (18, 42) ; pro-CART (25); pro-neurotensin (43); pro-opiomelanocortin (17) ; and pro-renin (44) . In fact, the regulated secretory pathway in PC12 cells is better characterized than in either of the accepted models of proglucagon processing, ␣TC1-6 and GLUTag cells, and they have many key proteins in common. PC12 and ␣TC1-6 cells express chromogranin A, and human ␣ cells additionally express chromogranin B and secretogranins III (34, 45, 46) , whereas L cells express CgB and secretogranins II, III, and V (47), thus showing similarities in sorting machinery. The exocytosis machinery is also similar, with both PC12 and ␣TC1-6 cells expressing the SNARE proteins syntaxin-1a, VAMP2, SNAP25 (34, 48) , and the SNARE-associated proteins Munc13-1 and Munc18-1 (49, 50) , whereas AP-1 and AP-3 are expressed by PC12 and mouse ␣ cells (51) . More recently, it has been shown that the GLUTag L cell model also expresses SNAP25, VAMP-1, -2 and -3, syntaxin-1a, and Munc18-1 (52) . The literature therefore strongly supports the use of the PC12 cell line as a model for the sorting of proglucagon to the regulated secretory pathway in ␣ and L cells.
RESULTS

Rationale for Using PC12 Cells as a Model of Hormone Trafficking and Secretion-Although in our previous publication we observed abundant localization of proglucagon in secretory granules in Neuro2a cells
Glucagon Contains an ␣-Helix Sorting Signal-To identify sorting signals contained within glucagon, we transfected PC12 cells with either Fc alone or the Fc-WT glucagon fusion constructs described in Fig. 2A . Expression of fusion constructs was confirmed by Western blot (Fig. 2B ). First, we determined the extent of regulated secretion of fusion proteins from PC12 cells using 55 mM K ϩ as a secretagogue. The KCl secretagogue causes depolarization of the plasma membrane, triggering a rapid calcium-dependent fusion of secretory granules with the plasma membrane, resulting in exocytosis of granule cargo. A lack of response to secretagogue stimulation (i.e. secretion index equal to unity) indicates constitutive secretion, whereas a significantly elevated secretion index indicates the ability of glucagon to direct Fc into secretory granules of the regulated secretory pathway (53) . Second, we examined the extent to which the Fc fusion proteins were sorted to secretory granules by quantitative co-localization with the secretory granule marker, CgA. Taken together, these experiments specifically determined the nature of sorting signals within glucagon that direct it to granules.
As expected, the fragment of the mouse IgG heavy chain, Fc, was secreted in a constitutive manner as shown by the lack of K ϩ -stimulated release and a secretion index of 1 (Fig. 3, A and  B) . In contrast, fusion of Fc to WT glucagon resulted in regulated secretion, as indicated by a robust secretory response to 55 mM K ϩ (Fig. 3A) and a secretion index that was significantly elevated (p Ͻ 0.05) compared with Fc alone (Fig. 3B ). Therefore, WT glucagon contains a signal that is sufficient to sort Fc to granules. We then investigated the structural nature of the sorting signal within glucagon by mutating the ␣-helix (Fc-LP glucagon) and the role of the 17 RR 18 motif in sorting (Fc-RQ glucagon). The secretion of Fc-LP glucagon secretion did not increase upon secretagogue stimulation (Fig. 3B ), and the secretion index was not significantly different from Fc alone (Fig. 3B) . In contrast, Fc-RQ glucagon showed similarly regu-lated secretion to WT glucagon ( Fig. 3A ) and significantly greater secretion index (p Ͻ 0.05) compared with Fc alone (Fig.  3B ). These results suggest that the ␣-helix within glucagon, and not the dibasic site, may serve as a sorting signal to direct proglucagon into granules.
To identify the subcellular distribution of the fusion proteins, we conducted immunofluorescence confocal microscopy to visualize Fc immunoreactivity and the extent of co-localization with the secretory granule marker, CgA. Co-localization was quantified as the fluorescence intensity co-variance between Fc and CgA immunofluorescence, using Pearson's correlation coefficient (PCC), as described previously (33) . Fc alone had a para-nuclear staining pattern characteristic of Golgi localization (arrowhead, Fig. 3C ). The corresponding measured fluorescence correlation of Fc and CgA (Fig. 3D ) appears high, but it likely reflects the fact that both Fc and CgA are co-trafficked through the Golgi under steady-state conditions, rather than localization of Fc in granules. In contrast, Fc-WT glucagon expression was localized in CgA ϩ granules along the cell periphery and toward the tips of the cell processes (arrow, Fig.  3C ), a pattern that indicates localization in secretory granules (33) . Pearson's correlation of Fc-WT glucagon with CgA was significantly greater than Fc alone (p Ͻ 0.01; Fig. 3D ), thus demonstrating the sorting of Fc-WT glucagon to secretory granules. When the ␣-helix of glucagon was disrupted in Fc-LP glucagon, Fc immunoreactivity was predominantly localized to the Golgi, and the corresponding Pearson's correlation was not significantly different from Fc alone (Fig. 3D) . Finally, Fc-RQ glucagon was localized within CgA ϩ secretory granules in a punctate pattern similar to that of Fc-WT glucagon (arrow, Fig.  3C ). Pearson's correlation of Fc-RQ glucagon with CgA was significantly greater than Fc alone (p Ͻ 0.001) ( Fig. 3D) and not significantly different from Fc-WT glucagon. Re-construction of the co-localized sub-volume showed similar Pearson's correlation coefficients, and we also show co-localized spots (0.25-0.30 m in size) consistent with secretory granules from the stack (Fig. 3E ). Taken together, our results indicate that the ␣-helix within glucagon is a necessary and sufficient sorting signal, whereas the dibasic 17 RR 18 motif is not required for sorting.
To show that the sorting of the Fc constructs is not an artifact of the cell type, we repeated secretion and immunofluorescence experiments using Fc-WT glucagon in ␣TC1-6 cells, a glucagon-secreting cell line (34) . Fc-WT glucagon exhibited a similar degree of stimulated secretion with 15 mM arginine (secretion index (SI) ϭ 2.3 Ϯ 0.1 versus 1.1 Ϯ 0.2 for Fc alone, p Ͻ 0.01) to that seen in PC12 cells stimulated with 55 mM K ϩ . Similar values were also observed in ␣TC1-6 cells with the localization of Fc-WT glucagon in CgA ϩ granules (PCC ϭ 0.80 Ϯ 0.03 versus 0.51 Ϯ 0.03 for Fc alone, p Ͻ 0.001) as in PC12 cells. As shown in Fig. 2B , the level of expression of Fc-WT glucagon in ␣TC1-6 cells was within the range observed for PC12 cells. These results validate the use of PC12 cells and Fc-PGDP constructs to identify sorting signals in proglucagon.
GLP-1, but Not GLP-2, Efficiently Targets Fc to Secretory Granules-Because our previous work indicated that the processing of proglucagon to glicentin and MPGF may precede entry into granules (33), we tested the possibility that proglucagon may contain sorting signals within its other constituent peptides. Fc fusion proteins of the glucagon-like peptides, GLP-1 and GLP-2, were constructed and expressed in PC12 cells. Both GLP-1(1-37) and GLP-1(7-37) were included so as to test the role of the N-terminal six amino acids of full-length GLP-1. Both Fc-GLP-1(1-37) (p Ͻ 0.001) and Fc-GLP-1(7-37) (p Ͻ 0.001) exhibited robust K ϩ -stimulated secretion compared with the constitutively secreted Fc reporter (Fig. 4, A and  B) . Surprisingly, Fc-GLP-2 did not exhibit regulated secretion (Fig. 4, A and B) . Immunofluorescence microscopy showed that both forms of Fc-GLP-1 directed Fc to granules, as evidenced by a punctate fluorescence pattern along the cell periphery and toward the tips of cell processes (arrow and inset, Fig. 4C ). There was significant correlation between CgA and Fc fluorescence for Fc-GLP-1(1-37) (p Ͻ 0.001) and Fc-GLP-1(7-37) (p Ͻ 0.001) (Fig. 4D) . Fc-GLP-2 showed a stronger para-nuclear localization and, interestingly, was also present in punctate vesicles that appeared to be distinct from those that were immunopositive for CgA (arrowhead and inset, Fig. 4C ). There was no significant difference in co-localization with CgA and Fc compared with Fc alone (Fig. 4D) , consistent with the lack of K ϩ -stimulated secretion. Therefore, our data suggest that GLP-1(7-37) contains sufficient information for granule sorting. However, GLP-2 is not sorted efficiently into dense-core secretory granules and may instead be routed to another vesicle compartment in PC12 cells.
Dipolar ␣-Helix GLP-2 Mutant Sorts to Secretory Granules-Because GLP-2 shares only 38 and 32% homology with glucagon and GLP-1, respectively, it possible that the sequence context contributes to the differences in the sorting of glucagon and GLP-1 compared with GLP-2. We therefore introduced point mutations in GLP-2 that would mimic the charge distribution within the sequence of glucagon by changing four acidic amino acids in the ␣-helix to basic lysines (see "Experimental Procedures" and Table 1), termed "Fc-dipolar GLP-2" ( Table 2) . In contrast to Fc-GLP-2, Fc-dipolar GLP-2 showed a robust response to 55 mM K ϩ (Fig. 5A) , and the secretion index was similar to that of Fc-WT glucagon and significantly greater than Fc alone (p Ͻ 0.05) and Fc-GLP-2 (p Ͻ 0.05) (Fig. 5B ). Immunofluorescence microscopy showed that Fc-dipolar GLP-2 was localized to CgA ϩ granules (Fig. 5C ). The extent of co-localiza-tion between Fc-dipolar GLP-2 and CgA was significantly greater than Fc alone (p Ͻ 0.001) and WT GLP-2 (p Ͻ 0.001) ( Fig. 5D ). Reconstruction of the co-localized sub-volume showed similar Pearson's correlation coefficients (PCC ϭ 0.78 Ϯ 0.06 versus 0.85 Ϯ 0.02) and co-localized spots 0.25-0.30 m in size from the stack were consistent with localization in secretory granules (Fig. 4E) . Therefore, altering the charge distribution of the ␣-helix of GLP-2 was sufficient to direct Fc to secretory granules.
Biophysical Properties of Glucagon, GLP-1, and GLP-2 ␣-Helices Determine Sorting Efficiency-Despite the fact that the amino acid sequences of glucagon, GLP-1 , and GLP-2(1-33) are all highly conserved and contain a predominantly ␣-helical structure, our results clearly show that the ␣-helix alone is not sufficient to target PGDPs to granules. We determined the biophysical nature of the helices by calculating the hydrophobicity and charge distribution for the helical portion of each peptide. The hydrophobic clusters within wild-type glucagon ( Table 2 and Fig. 3) were disrupted within Fc-LP glucagon and remained intact in Fc-RQ glucagon, indicating that the leucines are important in the formation of larger hydrophobic clusters. Therefore, the signal within glucagon must consist of an intact ␣-helix. We then conducted hydrophobic cluster analysis of glucagon, GLP-1, and GLP-2 and did not observe any differences in either size or location of hydrophobic clusters ( Table 2 ) between these highly conserved sequences (54) . These ␣-helices are flanked by highly conserved N-and C-terminal tails, indicating that these ␣-helices are in a similar peptide context. The mean hydrophobic moments for the ␣-helix regions of glucagon, GLP-1, and GLP-2 were similar, reflecting the degree of amphiphilicity of these helices. However, there were significant differences in net charge of the ␣-helices. The calculated pI values for the glucagon and GLP-1 ␣-helices were greater than that of GLP-2 (Table 2 ), suggesting the net charge (electrical polarization), rather than hydrophobicity, is a more important determinant of proglucagon sorting (Table 2) . Finally, based on the charged amino acid distribution, glucagon and GLP-1 have a net polarization along the length of their helices, and GLP-2 has a more uniform negative charge distribution. By introducing a dipolar mutation to GLP-2, the charge distribution resembled that of glucagon/GLP-1, thus reconstructing a net polarization within GLP-2. Our results demonstrate that efficient targeting of glucagon ( Fig. 3) , GLP-1 (Fig. 4) , and the GLP-2 dipolar mutant ( Fig. 4) to granules is determined by dipolar ␣-helices, which contain distinct positive and negative patches to polarize the length of the helix, and is sufficient to target glucagon and GLP-1 to secretory granules. MPGF, but Not Glicentin, Sorts to Secretory Granules-It has been documented that initial processing of proglucagon occurs at 70 KR 71 early in the secretory pathway (5) , possibly in the Golgi, to yield glicentin and MPGF (Fig. 1) . In this scenario, the processing of proglucagon to glicentin and MPGF may precede sorting to granules. We therefore examined the sorting behavior of glicentin and MPGF with the hypothesis that processing at 70 KR 71 would occur prior to sorting. Surprisingly, however, secretion of Fc-glicentin was not stimulated by 55 mM K ϩ (Fig.  5A) , and its secretion index was similar to Fc alone (Fig. 5B) , indicating that glicentin was not sorted to the regulated secretory pathway. In contrast, secretion of Fc-MPGF was significantly stimulated by 55 mM K ϩ (p Ͻ 0.001) (Fig. 5, A and B) . These results were corroborated by analyses of subcellular localization. Fc-glicentin showed very little co-localization with CgA (arrow and inset, Fig. 5C ). Quantification of Pearson's correlation coefficients showed Fc-MPGF had a significantly higher value than Fc-glicentin (p Ͻ 0.01) and Fc alone (p Ͻ 0.01) (Fig. 5D ). Therefore, our data demonstrate that MPGF, but not glicentin, is sorted to granules, thus implying that proglucagon must be sorted to granules prior to being cleaved to glicentin and MPGF. This is an intriguing finding because both glicentin and MPGF contain sorting signals (glucagon and GLP-1, respectively), yet they are sorted quite differently. These results suggest the following: 1) the sorting signal within the sequence of GLP-1 is sufficient to direct MPGF to secretory granules, and 2) the sorting signal within glucagon is masked by the N-terminal GRPP (Fig. 1) .
Oxyntomodulin Sorts to Secretory Granules-To determine whether GRPP is masking the sorting signal within glucagon, we generated Fc-OXM (Fig. 2) . Secretion of Fc-OXM was significantly stimulated by 55 mM K ϩ (p Ͻ 0.01) (Fig. 5, A and B) , in contrast to Fc-glicentin. Immunofluorescence microscopy of Fc-OXM showed co-localization with CgA ϩ granules (Fig. 5C ), and quantification of Pearson's correlation coefficient showed that Fc-OXM had a significantly greater value than Fc alone (p Ͻ 0.01; Fig. 5, C and D) . Therefore, the sorting signal within glucagon is sufficient to direct oxyntomodulin to granules. These results are consistent with the hypothesis that GRPP masks the glucagon sorting signal in the context of glicentin ( Fig. 1 ), thus providing a mechanism by which glicentin is not sorted to granules.
DISCUSSION
Highly efficient sorting of proglucagon is required for the maturation of the proglucagon-derived peptides and subsequent storage within secretory granules. Proglucagon is a unique prohormone from the perspective of its structural orga-nization. Several prohormones, such as pro-thyrotropin-releasing hormone and pro-gonadotropin-releasing hormone, have structured prodomains, whereas the active hormone domain(s) are completely disordered (31) . In contrast, proglucagon exhibits disordered prodomains (GRPP, IP-1, and IP-2), with mostly ordered hormone domains, as our previous work has shown (33) . Additionally, the sequences of glucagon, GLP-1, and GLP-2 are highly conserved with respect to their charge distribution (32) . With this information in hand, we wished to characterize how proglucagon is targeted for regulated secretion by identifying the relevant sorting signals encoded within the ordered hormone domains of proglucagon. We constructed fusion proteins linking each PGDP to a reporter, Fc. Our results demonstrate that both glucagon and GLP-1 contain dipolar ␣-helices in which charged residues are distributed around hydrophobic patches and that these helices direct sorting to granules. In contrast, GLP-2, which contains an ␣-helix that is not polarized, is very inefficiently sorted. Surprisingly, the sorting of glicentin, which contains the sequence of glucagon and therefore the identified dipolar ␣-helix, was inefficient, whereas MPGF maintained its sorting efficiency. Oxyntomodulin was sorted efficiently to secretory granules, thus demonstrating that the N-terminal sequence of glicentin masked the sorting signal contained within the ␣-helix of glucagon. We conclude that proglucagon contains two sufficient sorting signals contained within the sequences of glucagon and GLP-1, in the form of a dipolar ␣-helix, and that the ␣-helix of glucagon is masked after proglucagon is processed to glicentin.
In our previous studies of proglucagon trafficking using Neuro2a cells, our index of sorting efficiency was the co-localization between proglucagon and the cis/medial-Golgi marker, p115 (33) . The high correlation value of R18Q-proglucagon led us to conclude that the dibasic 17 RR 18 sequence within glucagon could contribute to sorting. In this study, we calculated co-localization of the Fc constructs with the granule-resident protein CgA. Here, a high correlation reflected more efficient co-localization in granules, indicating that the 17 RR 18 sequence may not be a factor in the sorting of proglucagon to granules or that it may be cell type-specific. However, it is important to note that the sorting of the ␣-helix mutant of glucagon was calculated to be inefficient in both systems, indicating that the ␣-helix within glucagon is a primary sorting signal for proglucagon regardless of the cell type.
Previously identified ␣-helical sorting signals indicate that their amphipathic nature directs sorting of prohormones and their processing enzymes to the regulated secretory pathway. Prohormones containing granule-targeting amphipathic helices include pro-somatostatin (24) and pro-CART (25) . The sorting signals of the prohormone processing enzymes PC1/3 (53, 55) , PC2 (56) , and CPE (57) are also amphipathic ␣-helices. Our previous work showed that reducing the ␣-helical content within glucagon reduced proglucagon sorting efficiency in Neuro2a cells (33) . We now show that proglucagon contains two sorting signals in the form of nonamphipathic ␣-helices with a unique arrangement of hydrophobic patches and charged residues. Dikeakos et al. (27) addressed sorting determinants by using synthetic ␣-helices, finding that the tested amphipathic helices with a charged face, or a nonamphipathic helix with a substantial hydrophobic patch and segregated charged residues, were efficiently sorted to granules. They inferred two important features of helical sorting signals as follows: segregation of charged residues from hydrophobic patches is essential, and the degree of hydrophobicity correlates well with sorting efficiency. Although synthetic ␣-helices were sorted with as few as five charged residues (27) , our data showed that as few as three charged residues within the sequences of glucagon and GLP-1 can direct sorting. The pI values of the helices within glucagon and GLP-1 are more similar than GLP-2 to the granule lumen environment, pH 5.5, possibly aiding their targeting to granules. Our hydrophobic cluster analyses show a dipolar charge distribution segregated from hydrophobic patches within glucagon and GLP-1, which were able to sort to granules. In contrast, the helix within GLP-2 has slightly different characteristics; although the nature of the hydrophobic patches is identical to those in glucagon and GLP-1, the charge distribution is not dipolar, consisting of only negatively charged residues along the helix. This difference resulted in very inefficient sorting, suggesting that charge distribution is more important than hydrophobicity for the nonamphipathic ␣-helices of proglucagon. We may now estimate the minimal hydrophobic domain required for sorting, in which a large, contiguous hydrophobic face (27) can be reduced to two discontiguous patches of 3 to 4 residues on opposing faces of the helix. This inference is supported by the recent finding that the pro-CART helix contains a smaller hydrophobic face relative to synthetic helices (25) . This underscores the importance of the ␣-helix as a platform for sorting signal construction in general, and in proglucagon, the sorting information is encoded by the dipolar distribution of electric charge in relation to hydrophobic patches along the helix surface.
The differences in sorting efficiency between glicentin and MPGF suggest a context-dependent regulation of sorting when considering that glicentin does not efficiently sort to granules, despite containing a sorting signal within the sequence of glucagon. After proglucagon is initially processed at the inter-domain cleavage site, 70 KR 71 , glucagon is flanked by the sequences of GRPP and IP-1 (Fig. 1) . We used the PSI-PRED server (37) to analyze the predicted secondary structure of glicentin, and it revealed that IP-1 is disordered when not joining glucagon to GLP-1, a characteristic of loops (58) . The N-terminal GRPP domain is also highly disordered and enriched in acidic residues. Our previous model of proglucagon shows this disordered region masks the basic N-terminal residues of the glucagon helix (33) , and this study confirms this masking by showing that removal of the GRPP domain results in the targeting of Fc to granules. Conformational masking has been demonstrated in moesin, in which an ␣-helical domain regulates the degree of unmasking between its N-and C-terminal ligand-binding domains (59) , and in the prohormone protachykinin, in which the negatively charged pro-region masks the positively charged product, calcitonin gene-related peptide (60) . We now show that glicentin experiences a similar conformational masking by GRPP. However, MPGF experiences no such masking because IP-2, which links the helices of GLP-1 to GLP-2, appears to be partially helical (5, 33) , thus maintaining the availability of the GLP-1 helix for efficient targeting to granules. This asymmetry between glicentin and MPGF trafficking presents interesting implications for the temporal relationship between proglucagon processing and sorting. It is well documented that proglucagon processing begins with the early cleavage event at the interdomain site, 70 KR 71 (5, 9) ; in ␣TC1-6 cells, glicentin and MPGF were detected at 30 -45 min via a pulse-chase paradigm (4). Our previous work has shown that mutation of 70 KR 71 reduced the efficiency of proglucagon sorting in Neuro2a cells (33) , and this result led us to conclude that processing may occur before sorting. However, this study does not support this conclusion. If proglucagon processing occurs prior to sorting, our present model would predict that glicentin would be sorted inefficiently, which would impact the production of glucagon in ␣ cells. Therefore, we now propose that the 70 KR 71 site simply acts as another sorting signal and, together with the ␣-helices of glucagon and GLP-1, targets intact proglucagon to granules, whereupon processing to glicentin and MPGF occurs, as illustrated in Fig. 6 . Our model also suggests that the two ␣-helical sorting signals are functionally redundant, perhaps reflecting an evolutionary selection toward a high sorting efficiency for proglucagon. That the sequences of glucagon and GLP-1 are highly conserved (32) lends evidence to this reasoning. This is in contrast to pro-thyrotropin-releasing hormone, where PC1/3-mediated processing early in the secretory pathway is required for efficient sorting to distinct subpopulations of granules (61, 62) .
Identification of sorting signals within proglucagon gives rise to the question of potential binding partners or sorting receptors. The absence of the processing enzymes PC1/3 and PC2 from PC12 cells supports our previous findings (33) that neither enzyme plays a role in the sorting of full-length proglucagon. The amphipathic ␣-helices identified within prohormone-FIGURE 6. Schematic representation of proglucagon sorting and processing in ␣ and L cells. Proglucagon (red bars) is synthesized in the endoplasmic reticulum (ER) and transported through the Golgi to the trans-Golgi network (TGN). Our data support the hypothesis that proglucagon is first sorted to immature secretory granules (ISGs) via dipolar ␣-helices within glucagon and GLP-1 and then cleaved to glicentin and MPGF (squares), possibly by furin. Within mature secretory granules (SGs), the prohormone processing enzyme PC2 processes glicentin to glucagon in ␣ cells, whereas PC1/3 cleaves glicentin and MPGF to yield oxyntomodulin, GLP-1 , and GLP-2 in L cells; ERGIC, ER-Golgi intermediate compartment.
processing enzymes PC1/3 (26, 63) , PC2 (56) , and CPE (16) are known to associate with the cholesterol-rich microdomains of granule membranes. However, we could not demonstrate binding of purified proglucagon to liposomes (data not shown) and therefore hypothesize that proglucagon may bind to granule proteins. It is possible that granins bind prohormones, such as pro-opiomelanocortin (64) . We have some evidence that proglucagon sorting involves interaction with CPE in ␣ cells (33) . Studies investigating the roles of other granin proteins in sorting proglucagon are currently underway.
In conclusion, we have shown that proglucagon contains two dipolar nonamphipathic ␣-helices with relatively small hydrophobic faces that act as sorting signals for entry into secretory granules of endocrine cells. Our data support a mechanism by which proglucagon is sorted to granules prior to the initial cleavage event that results in the production of glicentin and MPGF (Fig. 6 ). That these sorting domains lie within the ordered domains of encoded proglucagon-derived peptides, and not in a disordered prodomain that characterizes many other prohormones, highlights the unique sorting "signature" of proglucagon and further emphasizes the disparate nature of sorting signals that lie within prohormones and other proteins destined for the secretory granules of the regulated secretory pathway.
